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Expression cloning of the epithelial sodium channel
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Complex organisms take sodium from the external environment
to achieve and maintain extracellular volume and blood pressure.
Many sodium transporter systems have evolved, and among them
the epithelial sodium channel plays a fundamental role in deter-
mining the final amount of sodium reabsorbed. Epithelial sodium
channels are present in the apical membrane of cells lining the
distal segment of the nephron, urinary bladder, distal colon, and
the airways. In the skin they arc found in the sweat ducts and in
certain animals (amphibians) they are also present in the epider-
mal cells. All these tissues absorb sodium via an amiloride-
sensitive, highly selective Na channel. This paper discusses
recent efforts that have lead to the cloning and the elucidation of
the structure of the epithelial sodium channel.
Characteristics of the native epithelial sodium channel
The sodium channel is highly selective. Other cation channels
have been described in epithelial [1] and non-epithelial cells
[2—4J; they are easily distinguished by different amiloride sensi-
tivity, lower cation selectivity and higher unitary conductance.
The properties of the epithelial sodium channel in intact tissues
and in cell lines maintained in culture have been examined using
a wide variety of approaches: classical flux experiments of apical
membrane vesicles, electrical measurements of Na transport by
short circuit current, noise analysis and patch clamp [reviewed in
5,6]. These studies have clearly demonstrated the selectivity of the
channel for cations and the high preference for Na over K. The
channel has a distinct pharmacological profile for the diuretic
amiloride and its analogues: benzamil > amiloride > ethylisopro-
pyl amiloride (EIPA), in contrast to the Na/H exchanger which
exhibits the opposite sensitivity: EIPA > amiloride > benzamil.
Table I compares the properties of sodium channels studied in
native tissues, cell lines in culture, and reconstituted purified
sodium channels with the recently cloned sodium channel.
Cloning of the subunits of the epithelial sodium channel
Three major experimental strategies have been employed to
clone the epithelial sodium channel. The classic approach of
purification of a protein followed by amino acid sequence of a
peptide has been hampered by the lack of a rich source of channel
protein. Most of the epithelial channels are present in few copies
(102 to 10) per cell, so it becomes very difficult to purify the
desired protein in sufficient amount to undergo sequencing. In
spite of the difficulty, Benos, Saccomani and Sariban-Shoraby
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used an amiloride affinity column and were able to isolate a
protein complex of 740 kD from bovine kidney and A6 cells which
contained six major polypeptides of molecular mass ranging from
315 to 40 kD [7]. When this protein complex was reconstituted in
lipid bilayers, an amiloride-sensitive current was observed, al-
though some of the properties of the native channel were lost. In
particular, the conductance of single channels was larger and the
Na selectivity was reduced [8]. The small amount of protein
recovered and the multimeric nature of the complex did not allow
the peptide sequencing to proceed. Barbry et al, using a similar
approach, isolated a phenamil binding protein from pig kidney.
They partially sequenced the peptide, which allowed them to
identify the corresponding cDNA. The phenamil binding protein
(ABS) of 105 kD predicted molecular mass did not show homol-
ogy to any already cloned proteins [9]. Upon transfection of the
cDNA into cells no sodium channel activity was observed [10].
Because amiloride can bind to many other membrane transport-
ers and intracellular proteins, the isolation methods that relay in
amiloride affinity will not be specific for the sodium channel.
Another cloning strategy has used antibodies to screen a
peptide expression library. Anti-idiotypie amiloride antibodies
have been raised that recognixe the amiloride binding site of the
native channel. This approach probably has not yet given positive
results because the amiloride binding site is likely to be formed by
non-contiguous epitopes in the channel protein. Our group chose
to clone the epithelial sodium channel by functional expression in
Xenopus ooeytes. The rational to use the latter approach was
manifold: (i) we and others have demonstrated that mRNA
extracted from cells which normally express sodium channels like
the A6 cell line, when injected into oocytes induces an amiloride-
sensitive sodium current [11]; (ii) the availability of amiloride, a
potent and specific blocker of the sodium channel; and (iii) the
absence of an endogenous highly amiloride-sensitive conductance
in ooeytes. Though amiloride can block many other transporters
(Na/H and Ca2/Na exchanger) and affect the function of
other proteins, when used at concentrations smaller than 10 fLM it
is a selective blocker of the epithelial sodium channel.
Cloning of the a subunit of the epithelial sodium channel
The first step in the cloning strategy was to select a tissue able
to induce high activity of sodium channels when injected into
oocytes. We tested A6 cells, toad bladder epithelium, rat kidney
and distal colon of animals maintained on a low salt diet, The best
results were obtained with epithelial cells from rat distal colon.
Thus poly(A) was extracted from cells and size fractionated on
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Table 1. Properties of epithelial sodium channels
Source Na/K
g
pS
Amiloride K
pM [Refi
Cell attached patch
Rat CCT >10 5 0.07 [27]
A6 on filters >20 4—5 0.3 [28]
A6 on plastic 3—5 7—10 0.9 [29]
rENaC (a/3y) >20 5 0.1 [14]
Reconstituted purified protein
Bovine renal papillae 7.8:1 8.4 [8]
a sucrose gradient. The fraction with the highest activity, corre-
sponding to mRNA of 2.5 to 5 Kb, was used to construct a
directional complementary DNA (cDNA) library. The cDNA
library was divided in several pools and from each pooi cRNA was
synthesized and injected into oocytes. The presence of channels
was assessed by measuring the amiloride-sensitive current with
the two-electrode voltage clamp technique (Fig. 1A).
The pool of cDNAs that gave a positive signal was sequentially
divided and screened until a single eDNA was isolated. The single
eDNA, named arENaC for the a subunit of the rat epithelial
sodium channel, was able to induce an amiloride-sensitive sodium
current with similar properties than the native channel; however,
the amplitude of the sodium current was rather small, in the range
of 20 to 50 nAloocyte [12]. Similar results were obtained by Barbry
[13]. The lack of full expression of sodium channel activity could
be the result of rapid degradation of a mammalian protein in
oocytes, or alternatively to the absence of other factors or subunits
of the channel protein. The latter interpretation seemed most
plausible because the sodium current with poly(A) extracted
from rat colon was larger than the one induced by csrENAC,
implicating that the poly(A) contains another component(s) that
stabilizes or potentiates the activity of arENAC. Therefore, the
next step was to try to clone the missing component(s).
Cloning of 13 and y subunits of the epithelial sodium channel by
functional complementation
A rat distal colon cDNA library was divided into pools and
processed as for arENaC. However, the screening procedure was
changed. All oocytes were injected with arENaC in addition to
cRNA derived from the library. In this case we were looking for a
potentiation of the sodium current (Fig. 1B). Following this
screening, we identified a eDNA pool that gave a 10-fold increase
in amiloride-sensitive current when compared with oocytes in-
jected with arENaC alone. With subsequent subdivisions of the
positive pooi it became apparent that more than one component
was necessary to produce the signal potentiation. Combining
positive pools of smaller and smaller size we eventually isolated
two independent clones that when injected with arENaC gave a
1000-fold increase in the amiloride-sensitive current. We have
named these two new clones 13 and yrENaC, respectively [14].
Characterization of the cloned epithelial sodium channel
Functional activity of the subunits of the epithelial sodium channel
We have studied the properties of each subunit of the epithelial
sodium channel individually or in different combinations. Figure 2
shows the magnitude of the amiloride-sensitive Na current in
oocytes injected with various combinations of the three channel
subunits. Single f3 or y subunits induce no or very little activity.
However, combining a with either 13 or y subunits increases the
channel activity (5 to 10 fold potentiation). Full expression is
obtained only when the three subunits are present. For other
heteromeric channels it has been shown that homologous subunits
are not equivalent. For instance, the nicotinic receptor of the
neuromuscular junction is a pentameric protein formed by the
combination of four homologous subunits in the following array:
2a, 113, ly and 15. Functional channels arise with a subunits alone
or in combination with 13 subunits; however f3, y or 5 alone do not
form active channels [15]. The glycine receptor, another ligand-
activated channel, has also a pentameric arrangement but is
formed of only two different subunits: a and f3. The a subunits can
form glycine-activated channels. In contrast no measurable chan-
nels are seen when /3 subunits alone are expressed [16].
Currently we do not know the reason for the low current
observed upon injection of only a subunits. It is conceivable that
homo-oligomeric channels have a lower single channel conduc-
tance or have different kinetics with a very low open probability.
Alternatively, the assembly of a subunits could be inefficient
resulting in few channels being expressed at the cell surface.
Single channel recordings of the homo-oligomeric channels may
answer these questions; however, it has not yet been feasable in
view of the very low total current expressed (50 nA/oocyte).
Characteristics of the cloned sodium channel
Cation selectivity and permeability. Co-injection of a, /3 and y
subunits in oocytes results in channels that are very selective for
Na and virtually impermeable to K. Li is the only cation with
permeability higher than Na, with a ratio Li7Na of around 1.5.
When channels were studied using the patch-clamp technique, the
unitary channel conductance was 5 pS for Na and 7 pS for Lit
Voltage dependence and kinetics of the channel
The single channel current-voltage curve of a cell-attached
patch shows slight inward rectification. In contrast to the voltage-
gated sodium channels present in excitable tissues, the epithelial
sodium channel is little affected by membrane potential. However,
the open probability tends to increase at high negative potentials.
The kinetics of channels expressed in oocytes are similar to those
recorded from rat cortical collecting tubule and from A6 cells (low
conductance channel), with long periods of openings and closings
(Fig. 3).
Pharmacology of amiloride analogues
We have examined the block of amiloride analogues on the
cloned sodium channel. The K1 for benzamil was 10 nM, an order
of magnitude lower than for amiloride (K of 100 nM). These
values are very close to the previously described for native sodium
channels [17].
Tissue distribution of a, j3 and yrENaC
We have examined the expression of mRNA of the three
subunits of the sodium channel by Northern blot analysis. Organs
where sodium channel activity has been demoiistrated (such as
kidney, distal colon and lung) gave positive signals for the three
subunits. In contrast, liver, jejunum, cecum and whole brain were
negative. Furthermore, in situ hybridization using probes for the
three individual subunits have confirmed co-localization of a, /3
and y subunits in the same cell type. For instance, in the kidney,
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Fig. 1. Strategy for cloning the subunits of the
epithelial sodium channel by functional expression
in Xenopu.s oocytes. A. Cloning of arENaC.
Library screening was done by a functional assay
of detection of amioride-sensitive sodium current
using the two-electrode voltage clamp in oocytes
injected with cRNA derived from poois of a rat
colon library. B. Cloning of f3rENaC and
ENaC. Library screening was done by
complementing activity of arENaC in oocytes.
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Fig. 2. Representative experiments showing the amiloride-sensitive current in oocytes injected with 0.01 ng of cRNA of cr, 13 and y channel subunits alone,
or combinations of c43, cry, a(3y.
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the cortical collecting tubule was positive for a, 13and y subunits,
whereas proximal tubules and glomeruli were negative (Farman et
al, manuscript submitted).
Molecular structure of a, 13 and 7rENaC
The subunits of the epithelial sodium channel share significant
sequence homology and a common predicted structure derived
from hydrophilicity algorithms. The most salient features are two
long hydrophobic domains that presumably cross the plasma
membrane at least once, a cysteine rich box, and the absence of a
Fig. 3. Single channel tracings in cell-attached
patches. Vp (mV) refers to pipette potential
with respect to the bath. There are seen two
channels in both tracings. A. Unitary channel
currents recorded in a defolliculated oocyte co-
injected with a, b and g channel subunits.
Pipette contained 110 mtvi NaCI. B. Patch of
the apical membrane of rat CCT. The pipette
contained 140 mM NaCl [271.
leader sequence at the amino terminus. It is noteworthy that the
second hydrophobic domain has a typical amphipathic a-helical
structure with three conserved negative charges (2 aspartates and
1 glutamate) facing the same side of the helix, making this region
a candidate to form the ionic pore of the channel. Though our
present data do not permit deduction of the oligomeric structure
of the epithelial sodium channel, the simplest model is a hetero-
trimeric complex. A tetrameric structure like the voltage-gated
channels or pentameric like the ligand-gated channels are cer-
tainly plausible.
2 pA L___
2 sec
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A new family of cation channels
The amino acid sequence and the predicted structure of the
subunits of the epithelial sodium channel do not resemble any of
the already numerous families of cloned channels like the voltage-
gated or the ligand activated super-families. The epithelial sodium
channel is also different from the most recently cloned inward
rectifying K channel regulated by intracellular ATP, and from
the C1 channels, either CFTR or the voltage activated Cl
channel. This indicates that the amiloride-sensitive sodium chan-
nel constitutes a new and different family of heteromeric ion
channels.
An unexpected finding when the sodium channel was compared
to sequences in the gene databank was the high level of amino
acid identity with degenerins, a group of Caenorhabditis elegans
genes, which have been implicated in the sensory pathway of
touch perception [18—21]. The subunits of the epithelial sodium
channel share 20% identity with any of the degenerins. This is
most significant considering the evolutionary distance between
nematodes and mammals. Moreover, the overall predicted struc-
ture of these proteins is greatly conserved, suggesting that they
serve similar functions, though it remains to be proved by a
functional assay that the degenerins constitute indeed ion chan-
nels.
Based on structural and functional evidence a new family of
cation channels can be proposed that will encompass the epithe-
hal sodium channel, the degenerins and other mechano-sensitive
(MS) ion channel homologous present in a variety of cell types.
Members of this cation channel family are likely to vary in their
Na:K selectivity, from poorly selectivity in the case of MS
channels to highly selective for the epithelial sodium channel, and
in the affinity to amiloride, from weak for MS channel to high for
the epithelial sodium channel [22].
Perspectives
Functional complementation a strategy to clone multimeric
proteins
Here we have presented the first case of successful cloning of
two different components of a protein complex by the use of
functional complementation. Subunits of other hetero-multimeric
channels have been cloned by screening libraries at low stringency
using probes derived from the known sequence; however, a
significant degree of homology is still required to find such
proteins. The functional complementation assay offers the further
advantage of being able to find proteins with very different
structure. This strategy could be useful to identify other silent
element(s) of previously cloned channels.
Clinical significance
There is evidence that dysfunction of the epithehial sodium
channel may participate in pathological processes. In hyperten-
sion it is conceivable that increased sodium channel activity could
be implicated in certain types of salt sensitive hypertension. For
instance, Liddle's syndrome, which is a hereditary form of hyper-
tension, is characterized by low aldosterone level and an unusual
sensitivity to the diuretic amiloride. It has been suggested that
increased activity of the sodium channel in the kidney was
responsible for the hypertension, and moreover, that renal trans-
plantation normalized the blood pressure [23]. Recently, we have
demonstrated that mutations on the f3and '' subunits are respon-
sible for Liddle's syndrome (Note added in proof).
Cystic fibrosis (CF) is characterized by defective Cl secretion
and excessive Na reabsorption in epithelial cells [24—26]. Both of
these processes decrease fluidity of mucosal secretions and con-
tribute to the obstruction of respiratory airways and pancreatic
ducts, the two major manifestations of the disease. Although it is
known that defective Cl permeability is due to mutations in
CFTR, and that Na reabsorption from the above epithelia
occurs via the amiloride-sensitive sodium channel, the interac-
tions between CFTR, C1 secretion and Na reabsorption re-
mains to be elucidated. The availability of molecular markers for
the epithelial sodium channel will help to give light to the
mechanisms responsible for these frequent human diseases.
Reprint requests to Cecilia M. Canessa, Yale University, Department of
Cellular and Molecular Physiology, 333 Cedar Street, P.O. Box 208026, New
Haven, Connecticut 06520-8026, USA.
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